Abstract: Improved energy efficiency in the building sector is a central goal in the European Union and renovation of buildings can significantly improve both energy efficiency and indoor environment. This paper studies the perception of indoor environment, modelled indoor climate and heat demand in a building before and after major renovation. The building was constructed in 1961 and renovated in 2014. Insulation of the façade and attic and new windows reduced average U-value from 0.54 to 0.29 W/m 2 ·K. A supply and exhaust ventilation system with heat recovery replaced the old exhaust ventilation. Heat demand was reduced by 44% and maximum supplied heating power was reduced by 38.5%. An on-site questionnaire indicates that perceived thermal comfort improved after the renovation, and the predicted percentage dissatisfied is reduced from 23% to 14% during the heating season. Overall experience with indoor environment is improved. A sensitivity analysis indicates that there is a compromise between thermal comfort and energy use in relation to window solar heat gain, internal heat generation and indoor temperature set point. Higher heat gains, although reducing energy use, can cause problems with high indoor temperatures, and higher indoor temperature might increase thermal comfort during heating season but significantly increases energy use.
Introduction
A substantial amount of our time is spent in buildings and a good indoor environment is essential. Low energy use and improved energy efficiency in the building sector is also a central goal in the European Union [1, 2] and Agenda 2030 has a goal that the rate of improved energy efficiency should be doubled by 2030 [3] . Sweden has a national objective of contributing no net Greenhouse Gas (GHG) emissions by 2050, and a specified objective for improving energy performance by 20% by 2020 and 50% by 2050 in the Swedish building stock [4] . More than half of the buildings in the EU were built when requirements on energy performance were less strict, and renovation of these buildings is one important part of improving energy efficiency in the building stock [5] . Significant reduction in energy use as a result of renovation has been demonstrated in several previous studies [6] [7] [8] [9] [10] [11] . Renovation also has the potential to improve indoor environment, especially thermal comfort, as demonstrated in [7, 8, 12, 13] .
The Swedish national strategy for energy efficient renovation of the building stock includes an overview of the need for renovation in Swedish building and urges the need for evidence-based approaches for estimation of energy saving potential in buildings as well as other additional benefits 2 of 20 from renovation [14] . Several certification systems exist for sustainable and environmentally sound buildings, such as Leadership in Energy and Environmental Design (LEED) and BRE Environmental Assessment Method (BREEAM). In addition to low energy and resource use, low climate impact and economic sustainability, a good indoor environment is described as a central aspect of building sustainability [15, 16] . Olsson et al. [17] investigated how sustainability aspects are handled in renovation processes. They found that although good indoor environmental quality is perceived important, none of the actors included in their study performed any sort of surveys of the indoor environment prior to renovation. Most interviewed companies perform some sort of building inspection before a renovation, but an in-depth analysis of energy use or prevailing indoor environmental problems is not performed. The Swedish environmental objectives include several aspects related to reducing energy use and resource intensity in the built environment and also has specified goal that all building should have a good indoor environment and not affect health negatively by 2020 [4] . Major renovations are building renovations where the cost for renovation of climate envelope or installations corresponds to more than 25% or the value of the building or when more than 25% of the building envelope is changed [1] .
Zalejska-Jonsson and Wilhemssson [18] found a correlation between satisfaction with thermal comfort, sound and air quality and overall satisfaction with the home, and that residents in Swedish apartment buildings built between 1961-1975 experienced problems related to thermal comfort, such as draught, low indoor temperatures and undesirable indoor temperature variations. Ioannou and Itard [19] found that metabolic rate and clothing level of occupants has the strongest influence on thermal comfort. Thermostat setting, i.e., heating set point, also impacts thermal comfort but was shown to have a very small influence in buildings with low insulation level where surfaces are cold. Thomsen et al. [8] found that a majority of tenants perceived their indoor climate and indoor air quality as better after a major renovation of an apartment building outside Copenhagen, and that noise level in the apartment was not affected. Liu et al. [7] found that indoor environment was perceived as better in regards to thermal comfort, air quality and noise, and that symptoms of a poor indoor environment were fewer in a renovated building compared to a similar building that had not been retrofitted.
The aim of this study is to evaluate major building renovations regarding residents' perceptions of indoor environments. Indoor climate and energy use is simulated in a building before and after renovation and residents' perception of their indoor environment is studied via a standardized on-site questionnaire regarding the indoor environment. IDA Indoor Climate and Energy (IDA ICE) is used for building simulations. Comprehensive field measurements have been carried out in the building before and after the renovation and serve as input data and means of model validation. A sensitivity analysis was performed to see how the thermal environment is affected by different building operations and construction.
Materials and Methods
The studied building is a multifamily building with twelve apartments located in Linköping in southeast Sweden which underwent a major renovation in the middle of 2014. Domestic hot water and space heating is included in the rent, which is common in Swedish rental apartments. In addition to esthetic and other quality improvements to the building, thermal insulation was added to the building envelope, windows were replaced and a mechanical supply and exhaust ventilation system with a heat exchanger was installed. The energy performance of the building was significantly improved and space heating demand was reduced by 44% [13] . Heat is supplied to the building by district heating and distributed to rooms using radiators and a heating coil in the air handling unit (AHU) for the renovated case. The heating set point was regulated with old radiator thermostats before the renovation and electronic wall mounted thermostats was installed after the renovation. Building construction before and after the renovation is summarized in Table 1 and other information on building installations and conditions are found in Table 2 . Table 1 . Thermal properties, air exchange rates and a short description of heating and ventilation systems before and after renovation. Modified from [13] . 4 Information from manufacturer. 5 Ground properties and floor U-value calculated in accordance with ISO 13370-Thermal performance of buildings-Heat transfer via the ground-Calculation methods [21] . , where T e is the exhaust air temperature (room temperature), T ce is the cooled exhaust air temperature (after the heat exchanger), T o is the outside air temperature, q supply is the supply airflow m 3 /s and q exhaust is the exhaust airflow m 3 /s, see [13] . 3 Measured with blower door method, see [13] .
The study is based on (1) field measurements; (2) simulation of indoor climate, thermal comfort, and energy use in IDA ICE version 4.7; and (3) a standardized indoor environment questionnaire.
Field measurements were performed in two similar occupied apartments before and after renovation. Air temperature was measured in the living room, kitchen, and bedrooms with a fiveminute interval during one month in summer and one month during winter. Appliance use and carbon Sustainability 2018, 10, 766 4 of 20 dioxide was also logged and used for validation of the building energy simulation model created in IDA ICE. The relative humidity was measured in the exhaust air from all apartment for one month during heating season after the renovation (December 2015). IDA ICE is a general purpose simulation environment that offers dynamic simulation of building energy use, heating and cooling power and thermal environment [23, 24] . Empirical validation of IDA ICE has been performed using test cells [24] and measured data collected under realistic conditions [7, 25, 26] .
The IDA ICE model of the studied building has previously been validated and shows good agreement with measurements [13] . Over-or underestimation of user behavior (i.e., internal heat gains) in buildings have been shown to have a significant impact on modelled energy use and thermal comfort [19] . As electric appliance use and residents' presence in apartments varies greatly between different families, standardized values from a Swedish setting have been used for all simulations so that user patterns should not be a determinant for thermal comfort in the building [27] . These values are compiled in Table 3 . Table 3 . Internal heat gains, occupancy and airing used in the whole year energy simulation. Four zones were chosen as reference zones, two on the second floor and two on the top floor of the building. The apartments represent the smallest (A and C) and the largest (B and D) for each floor. The ground floor is heated to room temperature. The building has no apartments on the ground floor. Zones A and C have one external wall with one window facing north, while three of the walls in zones B and D are external, see Table 4 . Zones A and C have an air exchange rate almost three times higher than zones B and D. The apartments on the top floor are located under the attic, which is not heated. The reference zones were simulated as one single zone. The model of the building created in IDA ICE and localization of the apartments and the building layout can be seen in Figure 1 . 1 Before renovation. 2 After renovation.
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Model Input Data
The model of the building created in IDA ICE and localization of the apartments and the building layout can be seen in Figure 1 . The whole-year simulations were performed with normal year corrected climatic data from Linköping [20] . Design conditions for summer and winter days in Linköping were used to study thermal comfort under extreme conditions. IDA ICE calculates Fanger comfort indices, predicted mean vote (PMV) and predicted percentage of dissatisfied (PPD), for occupants that are present in the building in accordance with international standard ISO 7730:2005 [28] . An occupant with normal activity (1.0 metabolic rate) that is always present has therefore been added to the studied zones. The whole-year simulations were performed with normal year corrected climatic data from Linköping [20] . Design conditions for summer and winter days in Linköping were used to study thermal comfort under extreme conditions. IDA ICE calculates Fanger comfort indices, predicted mean vote (PMV) and predicted percentage of dissatisfied (PPD), for occupants that are present in the building in accordance with international standard ISO 7730:2005 [28] . An occupant with normal activity (1.0 metabolic rate) that is always present has therefore been added to the studied zones. However, this occupant does not contribute any internal heat gains. The occupant has clothing with a thermal resistance of 0.13 m 2 ·K/W (corresponding to clothing insulation of 0.85 clo) but can adjust clothing insulation by ±0.04 m 2 ·K/W (0.25 clo). The recommendations from Sweden Green Building Council (SGBC) were used, where the occupant should be located one meter from the largest window and the worst occupied zones should be used for evaluation [29] .
A standardized on-site questionnaire was used to study the perception of the indoor environment before and after the renovation. The questionnaire was developed by the Department of Occupational and Environmental Medicine at Örebro University Hospital in Sweden in 1988 [30] and has since been used in several studies of indoor environment in both new, old and renovated buildings [7, 25, [31] [32] [33] . The questionnaire is available for several types of buildings, both residential, public, and office buildings. In addition to questions regarding age, gender, health and overall satisfaction, the questionnaire contains several environmental factors and symptoms of poor indoor environment. The environmental factors have been categorized into aspects regarding the thermal environment, air quality and noise situation, see Table 5 . Table 5 . Categorization of factors and symptoms of poor indoor environment in the questionnaire used. The first questionnaire was distributed to the residents in October 2013, a couple of months before renovation was started. The second set of questions was sent to the residents in February 2015, around five months after the renovation had been finalized and residents were allowed to move back into their apartments. All residents in the building before renovation had been living in the apartment for more than one year, but there were many new residents in the building after it had been renovated. Out of the twelve households living in the building, answers were received from seven of the households before the renovation and six households after the renovation.
Category Environmental Factors and Related Problems
A sensitivity analysis is performed to study how different parameters regarding conditions in and use of the building can affect both the thermal environment and energy use: indoor temperature set point, solar heat gain factor in windows and internal heat generation, see Table 6 . European standard EN 15251-2007 [34] is used for comparing results, where four comfort categories are defined: best (PMV < ±0.2, PPD < 6%), good (PMV < ±0.5, PPD < 10%), acceptable (PMV < ±0.7, PPD < 15%), and unacceptable (PMV > ±0.7, PPD > 15%). Number of hours within each category and zone heating is noted for each parameter. Thermal power is adjusted so that indoor temperature set points can be achieved in all simulations. Only one parameter was changes in each simulation. 
Results and Analysis
Thermal Environment
The two most prominent complaints about the thermal environment before the renovation are low room temperatures (around 70% of respondents experience problems) and draught (almost 60% experience problems), see Figure 2 . Similar problems have been seen in other studies of Swedish buildings from the same era [7, 18] . The use of an exhaust ventilation system also means that air enters the building unheated, which can be one reason for the draught problems, and can also cause problem with cold floors and contribute to the perception that indoor temperature varies with the outdoor temperature.
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Indoor Air Quality and Noise
The most prominent problems regarding indoor air quality in the apartment before renovation are related to odors and smells, see Figure 5 . Unsatisfactory ventilation efficiency in the kitchen could be one explanation for problems with cooking odors. The questionnaire does not indicate the origin of the unpleasant smells. Many of the air inlets face a relatively busy city center, which could contribute to smells, dust, and dirt. Problems with cooking odors seem to have been reduced after the building was renovated and the indoor air quality is perceived as better. Problems with dry air, stuffy air, static electricity, and tobacco smoke are slightly higher after the renovation. An increase in complaints about dry air could be because the second questionnaire was handed out during heating season, when the outdoor air has a significantly lower relative humidity. Low relative humidity also causes problems with static electricity. Dry air is also common in buildings with heat exchangers in ventilation. The average relative humidity in the exhaust air from all apartments was 31.5% during one month in the heating season. 
The most prominent problems regarding indoor air quality in the apartment before renovation are related to odors and smells, see Figure 5 . Unsatisfactory ventilation efficiency in the kitchen could be one explanation for problems with cooking odors. The questionnaire does not indicate the origin of the unpleasant smells. Many of the air inlets face a relatively busy city center, which could contribute to smells, dust, and dirt. Problems with cooking odors seem to have been reduced after the building was renovated and the indoor air quality is perceived as better. Problems with dry air, stuffy air, static electricity, and tobacco smoke are slightly higher after the renovation. An increase in complaints about dry air could be because the second questionnaire was handed out during heating season, when the outdoor air has a significantly lower relative humidity. Low relative humidity also causes problems with static electricity. Dry air is also common in buildings with heat exchangers in ventilation. The average relative humidity in the exhaust air from all apartments was 31.5% during one month in the heating season. The overall perception of noise in the apartment also improved after the renovation, see Figure 6 . Some of the residents experience problems with noise from ventilation, which is common for supply and exhaust ventilation systems, where inlets are placed in the bedrooms.
The overall perception of noise in the apartment also improved after the renovation, see Figure  6 . Some of the residents experience problems with noise from ventilation, which is common for supply and exhaust ventilation systems, where inlets are placed in the bedrooms. 
Symptoms of a Poor Indoor Environment
Symptoms of fatigue are noted by a couple of respondents in the building before the renovation, see Figure 7 . Together with heavy-headedness and headaches, fatigue could be a symptom of poor ventilation [32] . Environmental factors such as dry air and stuffy air are often prevalent at the same time, which is not indicated by the respondents, see Figure 5 . Bad odors can also be an indicator of problems with air pollutants or moisture, but is then most often combined with symptoms related to nose, throat and eyes [32] . Symptoms that occupants experienced before the renovation have been reduced, but one resident experienced problem related to dry skin, itching and irritated nose after the renovation, which was not indicated in the questionnaire handed out before the renovation. 
Symptoms of fatigue are noted by a couple of respondents in the building before the renovation, see Figure 7 . Together with heavy-headedness and headaches, fatigue could be a symptom of poor ventilation [32] . Environmental factors such as dry air and stuffy air are often prevalent at the same time, which is not indicated by the respondents, see Figure 5 . Bad odors can also be an indicator of problems with air pollutants or moisture, but is then most often combined with symptoms related to nose, throat and eyes [32] . Symptoms that occupants experienced before the renovation have been reduced, but one resident experienced problem related to dry skin, itching and irritated nose after the renovation, which was not indicated in the questionnaire handed out before the renovation. The overall perception of noise in the apartment also improved after the renovation, see Figure  6 . Some of the residents experience problems with noise from ventilation, which is common for supply and exhaust ventilation systems, where inlets are placed in the bedrooms. 
Residents Returning to the Same Apartment
Most residents were new in the building after the renovation was completed, but two of the responding residents had moved back into the same apartment after the renovation. Gender and age of the respondents indicate the respondents are the same before and after the renovation. The overall experience and problems related to the indoor environment indicated by these two respondents are shown in Table 8 . Both respondents seem content with their thermal environment after the renovation. The resident in the small apartment indicate that there are problems with high indoor temperature during summer both before and after the renovation, which has also been indicated in the indoor climate simulations, see Table 7 , Figures 3 and 4 . The residents in the large apartment in the first floor (zone B) experiences many problems related to poor thermal comfort (low temperatures and draught) before the renovation, but none after. The residents in zone B also experiences more problems related to noise and has a lower overall experience with noise in his or her apartment. 
Sensitivity Analysis
Indoor Temperature Set Point
A low indoor temperature is desirable from an energy perspective but causes problems with poor thermal comfort. However, in buildings with a high degree of thermal insulation and heated supply air, the thermal comfort is perceived as better at lower set points for the indoor temperature. As seen in Figure 8 , thermal comfort is "best" or "good" for nearly the whole year in the renovated building with a set point of 20 • C, whereas it falls into the "acceptable" category for large parts of the year in zones B and D in the pre-renovation case. The measured indoor temperature in the unrenovated building and the poor overall experience with the indoor thermal environment indicated in the questionnaire are consistent with these results. Increasing the set point by 1 • C increases annual energy use for the whole building by on average of 8.9% for the building both before and after renovation. Simulated energy use per heated floor area for different zones is seen in Figure 9 . The most significant difference between the cases before and after renovation is seen in zone D, the largest apartment on the top floor. In the large reference zones (zone B and D) and an indoor temperature set point of 22 • C would be needed to achieve similar thermal comfort in the unrenovated building as in the renovated building, which would require an additional 24.7 MWh per year and increase the total energy use by 24.9% compared to the actual heat demand before the renovation. Increasing the set point by 1 °C increases annual energy use for the whole building by on average of 8.9% for the building both before and after renovation. Simulated energy use per heated floor area for different zones is seen in Figure 9 . The most significant difference between the cases before and after renovation is seen in zone D, the largest apartment on the top floor. In the large reference zones (zone B and D) and an indoor temperature set point of 22 °C would be needed to achieve similar thermal comfort in the unrenovated building as in the renovated building, which would require an additional 24.7 MWh per year and increase the total energy use by 24.9% compared to the actual heat demand before the renovation. 
Window Solar Heat Gain
The choice of window solar heat gain factor, g-value, can have a significant impact on the building energy use. The old clear glass windows had a g-value of 0.68 and the new low emissivity windows that was installed during the renovation has g-value of 0.43. In the unrenovated building a low g-value means fewer hours within the "best" thermal comfort, but the same phenomenon is not seen in the renovated building, see Figure 10 . On the other hand, a high g-value means that indoor temperatures in summer are so high that the thermal comfort is "unacceptable" in the top floor apartment in the renovated building. Too high indoor temperatures were not a problem with high gvalues in the building before renovation. 
The choice of window solar heat gain factor, g-value, can have a significant impact on the building energy use. The old clear glass windows had a g-value of 0.68 and the new low emissivity windows that was installed during the renovation has g-value of 0.43. In the unrenovated building a low g-value means fewer hours within the "best" thermal comfort, but the same phenomenon is not seen in the renovated building, see Figure 10 . On the other hand, a high g-value means that indoor temperatures in summer are so high that the thermal comfort is "unacceptable" in the top floor apartment in the renovated building. Too high indoor temperatures were not a problem with high g-values in the building before renovation. Solar heat gains have a greater impact on heat demand in the renovated case. The difference between no solar heat gain (g-value = 0) and full solar heat gain (g-value = 1) is 21.7% for the renovated building and 15.9% in the pre-renovation case, see Figure 11 . Solar heat gains have a greater impact on heat demand in the renovated case. The difference between no solar heat gain (g-value = 0) and full solar heat gain (g-value = 1) is 21.7% for the renovated building and 15.9% in the pre-renovation case, see Figure 11 . 
Internal Heat Generation
In addition to solar heat gains, appliance use and body heat from occupants contribute heat to a building. Although they have a significant impact and are highly diversified between different households, standardized heat generation is often used in energy calculations and simulations. High internal heat gains mean that problems with too high indoor temperature occur, especially during summer, see Figure 12 . The problem is more prominent in the renovated building, compared to the building before renovation. 
In addition to solar heat gains, appliance use and body heat from occupants contribute heat to a building. Although they have a significant impact and are highly diversified between different households, standardized heat generation is often used in energy calculations and simulations. High internal heat gains mean that problems with too high indoor temperature occur, especially during summer, see Figure 12 . The problem is more prominent in the renovated building, compared to the building before renovation. High internal heat gains have a significant impact on energy use, especially in the renovated building, see Figure 13 . An increase in internal heat gains by 50% means a reduction in heat demand by 21% in the renovated building and 14% in the building before renovation. The amount of internal heat gains used for calculations or estimation of energy use because of a renovation is therefore central to consider avoiding over or underestimating of the energy saving potential (or the energy use).
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High internal heat gains have a significant impact on energy use, especially in the renovated building, see Figure 13 . An increase in internal heat gains by 50% means a reduction in heat demand by 21% in the renovated building and 14% in the building before renovation. The amount of internal heat gains used for calculations or estimation of energy use because of a renovation is therefore central to consider avoiding over or underestimating of the energy saving potential (or the energy use). 
Concluding Discussion
Respondents indicate that the indoor environment has improved after the renovation, regarding thermal comfort, air quality and noise, although a higher number of symptoms that could be related to problem with the indoor environment are noted. Buildings with a light weight concrete construction and exhaust ventilation are common in the Swedish building stock and the studied case shows a significant potential for improvements of both energy performance and indoor environment as a result of renovation.
Thermal comfort has been studied more extensively than other indoor environmental parameters in this study. Both questionnaire and simulations show that the thermal comfort during winter was poor before the renovation. Under winter design conditions minimum operative temperature was increased by nearly 2 °C after the renovation. The design power of the heating 
Thermal comfort has been studied more extensively than other indoor environmental parameters in this study. Both questionnaire and simulations show that the thermal comfort during winter was poor before the renovation. Under winter design conditions minimum operative temperature was increased by nearly 2 • C after the renovation. The design power of the heating system was likely too small in the pre-renovation building to supply the desired indoor temperature. This means that simulations of PMV and PPD, although accurate in relation to reality, are not necessarily translatable to another context without knowing the existing conditions. Both simulations and results from the questionnaire indicate that thermal comfort has been improved as a result of the renovation and the sensitivity analysis shows that the thermal environment is more comfortable at lower indoor temperature set points. A higher degree of thermal insulation and heated supply air means that the thermal environment in winter is more stable. The operative temperature in the building is also higher since internal surface temperatures are higher with higher degree of thermal insulation and the room temperature is perceived as more comfortable. As indicated by the simulation in summer design conditions, the renovated building with more thermal insulation also risks high indoor temperatures and poorer thermal comfort during summer without user adaptation such as airing or solar shading such as awnings. A more complex ventilation system causes problems with noise, as indicated by the respondents, and also means more electricity use for fan operation.
Internal heat gains, from solar radiation, appliance use and occupant body heat, have a strong influence on heat demand. It seems reasonable to assume that this "free" heating should be as high as possible in cold climates, for example allowing most of the heat from solar radiation to reach the zone, but as shown in the sensitivity analysis, this means poor thermal comfort during summer, especially when the building has a high degree of thermal insulation. Adaptive responses such as airing or solar shading could be applied to reduce problems with high indoor temperatures. The choice of assumed appliance usage also has great influence on the possibility of correctly predicting potential for energy saving from efficiency measures, such as renovation.
Respondents perceive indoor air quality as better after the renovation, although problems with dry air and static electricity occur to a greater extent than before renovation. Dry air indoors is a common problem in cold climates, where the outdoor air has a low moisture content. Perceptions of stuffy air, unpleasant smells and tobacco smoke appear to be a problem before and after renovation, but problems with cooking odors have been significantly reduced. A third of the respondents experience problems related to noise. Still, overall experience with noise is lower than with thermal comfort and indoor air quality, where more problems are noted. This could indicate that factors included in the questionnaire do not capture the full picture of problems related to noise, or that problems with noise, even very small, have a great impact on overall experience.
Studies of perceived indoor environment are an important tool for better understanding additional values of renovation in addition to improvement of energy efficiency. Two respondents moved back into their renovated apartment and both perceive better thermal comfort. One of these two respondents experience problems with noise as well as dust and dirt, but both appear mostly content and experience few other problems related to their indoor environment.
Buildings need to fulfill many functions to satisfy the residents. Providing a good indoor environment, while using less energy, is only one of them. The renovation of the studied building reveals a significant reduction in annual energy use by 44%. At the same time, residents are more content with the indoor environment, and none of the respondents perceive overall experience with their indoor environment as poor or unacceptable after the renovation. PPD has been reduced from an average of 23% to 14% in the reference zones, meaning that indoor thermal comfort had been improved from unacceptable to acceptable in accordance with European standard EN 15251-2007 [34] .
Sweden and the rest of the European Union faces a challenge of renovating an aging building stock. Improving understanding of the effect from major renovation on buildings is an important step towards more sustainable and efficient renovation of buildings. The studied renovation demonstrates that renovation not only has an important role to play in reducing energy use in the building sector overall, but also in providing a better indoor environment in the buildings where residents live and spend a significant amount of their time.
